Double-strand breaks (DSBs) of chromosomal DNA trigger the cellular response that activates the pathways for DNA repair and cell-cycle checkpoints, and sometimes the pathways leading to cell death if the damage is too severe to be tolerated. Evidence indicates that, upon generation of DNA DSBs, many nuclear proteins that are involved in DNA repair and checkpoints are recruited to chromatin around the DNA lesions. In the present study we used a proteomics approach to identify DNA-damageinduced chromatin-binding proteins in a systematic way. Twodimensional gel analysis for protein extracts of chromatin from DNA-damage-induced and control HeLa cells identified four proteins as the candidates for DNA-damage-induced chromatinbinding proteins. MALDI-TOF (matrix-assisted laser-desorption ionization-time-of-flight) MS analysis identified these proteins to be NPM (nucleophosmin), hnRNP (heterogeneous nuclear ribonucleoprotein) C1, hnRNP C2 and 37-kDa laminin-receptor precursor, and the identity of these proteins was further confirmed by immunoblot analysis with specific antibodies. We then demonstrated with chromatin-binding assays that NPM and hnRNP C1/C2, the abundant nuclear proteins with pleiotropic functions, indeed bind to chromatin in a DNA-damage-dependent manner, implicating these proteins in DNA repair and/or damage response. Immunofluorescence experiments showed that NPM, normally present in the nucleoli, is mobilized into the nucleoplasm after DNA damage, and that neither NPM nor hnRNP C1/C2 is actively recruited to the sites of DNA breaks. These results suggest that NPM and hnRNP C1/C2 may function at the levels of the global context of chromatin, rather than by specifically targeting the broken DNA.
INTRODUCTION
DNA double-strand breaks (DSBs) are generated by exogenous factors, such as ionizing radiation and chemotherapeutic drugs, and also can occur during cellular processes, such as DNA replication, meiotic recombination and the programmed rearrangement of antigen-receptor genes. DSBs are the most destructive form of DNA damage in that, if left unrepaired, they can result in loss of genetic information, chromosomal rearrangements, including translocations, and unstable chromosomes, all of which can potentially lead to cancer development [1] [2] [3] . Cells have evolved mechanisms to detect DNA breaks and trigger the pathways for activation of DNA repair and cell-cycle checkpoints, and sometimes for cell death if the damage is too severe to be tolerated [4, 5] .
DNA in eukaryotic cells is organized into nucleosomes and a higher-order chromatin structure, the physiological substrate for all processes requiring a DNA template, including DNA repair. In general, chromatin, from the levels of individual nucleosomes to more complex folding structure, presents a fundamental problem in access of proteins to their DNA target [6, 7] . This inhibitory effect of chromatin is therefore counteracted in order for repair machinery to carry out their tasks properly. It is thought that the process of DNA repair and propagation of damage signals requires the proteins carrying out this process, as well as the proteins responsible for remodelling and modifying chromatin structure, to be recruited to the chromatin at the sites of damaged DNA [8, 9] .
Studies have shown that many proteins involved in DNA repair and checkpoints are recruited to the chromatin at the sites of DNA DSBs, resulting in the formation of immunostainable nuclear foci, called IRIF (ionizing-radiation-induced foci). IRIF are thought to serve as the platform in which repair and checkpoint proteins accumulate to both facilitate DNA repair and propagate the damage signals [4] . H2AX (histone H2A variant X) is rapidly phosphorylated on Ser-139 at the C-terminal tail upon DSB generation, and the phosphorylated H2AX (γ -H2AX), occurring on a Mbase of chromatin around broken DNA, is thought to serve as the nucleating site for the formation of IRIF [10, 11] . A number of well-characterized repair and checkpoint proteins, such as ATM (ataxia telangiectasia mutated), ATR (ataxia telangiectasiarelated), Mre11-Rad50-Nbs1 complex, Brca1 (breast-cancer susceptibility gene 1), Chk2 (checkpoint kinase 2), the p53-interacting protein 53BP1, Rad51 and Rad52, have been shown to co-localize with γ -H2AX foci, suggesting that they bind to chromatin around the DSB sites [4, 10, 11] .
Efforts have so far been focused on examining the particular proteins that have been characterized to participate in DNA repair and checkpoint activation with respect to their association with IRIF. In the present study, we used a proteomics approach to systematically analyse the proteins that inducibly bind to chromatin in response to generation of DNA DSBs. In the present Abbreviations used: 2-D, two-dimensional; DNA-PK, DNA-dependent protein kinase; DSB, double-strand break; GFP, green fluorescent protein; H2AX, histone H2A variant X; γ-H2AX, phosphorylated H2AX; hnRNP, heterogeneous nuclear ribonucleoprotein; IRIF, ionizing-radiation-induced foci; 37LRP, 37-kDa laminin-receptor precursor; MALDI-TOF, matrix-assisted laser-desorption ionization-time-of-flight; NHEJ, non-homologous end-joining; NP40, Nonidet P40; NPM, nucleophosmin; TSA, trichostatin A. 1 These authors contributed equally to this work. 2 To whom correspondence should be addressed (email jongkwon@ewha.ac.kr).
study we report that NPM (nucleophosmin) and hnRNP (heterogeneous nuclear ribonucleoprotein) C1/C2, abundant nuclear proteins with pleiotropic functions, are identified as DNA-damageinduced chromatin-binding proteins. NPM is of particular interest in that this protein has recently emerged as an important player in DNA-damage response and cell-cycle regulation, in addition to its long-standing role in ribosome biogenesis.
EXPERIMENTAL

Antibodies
The following primary antibodies were used; anti-γ -H2AX (mouse monoclonal, clone JBW301; Upstate Biotechnology, Lake Placid, NY, U.S.A.), anti-H2A (acidic patch, rabbit polyclonal; Upstate Biotechnology), anti-Ku70 (sc-9033, rabbit polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA, U.S.A.), anti-NPM (sc-5564, rabbit polyclonal; Santa Cruz Biotechnology), anti-hnRNP C1/C2 (sc-15386, rabbit polyclonal; Santa Cruz Biotechnology). HRP (horseradish peroxidase)-linked rabbit IgG and mouse IgG secondary antibodies were purchased from Amersham Biosciences. Polyclonal anti-37LRP (37-kDa lamininreceptor precursor) antibody was generated by immunization of rabbits with GST (glutathione S-transferase)-fusion proteins, encompassing amino acids 215-295 of human 37LRP.
Generation of DNA DSBs and induction of chromatin structural change
HeLa cells were obtained from the Korean Cell Line Bank (Seoul, Korea) and were maintained in Dulbecco's modified Eagle's medium plus 5 % fetal bovine serum (Hyclone), 10 000 units/ml antibiotic/antimycotic (Gibco BRL) at 37
• C at an atmosphere with 5 % CO 2 . To generate DNA DSBs, cells were grown to approx. 80 % confluence were exposed to γ -radiation ( 137 Cs; Cell Irradiation System, GC 3000 Elan-Model β; MDS Nordion, Ontario, Canada) at a dosage of 25 Gy or treated with 50 µM of etoposide (Sigma). To induce chromatin structural change, cells were treated with 10 µM of TSA (trichostatin A; Sigma) for 12-14 h, or incubated for 1 h in the presence of hypotonic PBS containing 50 mM NaCl.
Nuclei isolation and sequential salt extraction
The whole procedure of nuclei isolation was performed on ice. Cells (2 × 10 8 ) were washed with cold PBS two times and suspended in a 4-ml volume of buffer A containing 20 mM Hepes (pH 7.5), 3 mM MgCl 2 , 0.25 M sucrose, 0.5 % NP40 (Nonidet P40), 3 mM 2-mercaptoethanol, 0.4 mM PMSF, 1 µM pepstatin A, 1 µM leupeptin and 5 µg/ml aprotinin. The cell suspension was homogenized using Wheaton homogenizer and centrifuged at 3000 g (Beckman JA-20 rotor) for 15 min. After repeating this procedure (from suspension to centrifugation) two times, the pellet was resuspended in 4 ml of the buffer B containing 20 mM Hepes (pH 7.5), 3 mM MgCl 2 , 0.2 mM EGTA, 1 mM 2-mercaptoethanol, 0.4 mM PMSF, 1 µM pepstatin A, 1 µM leupeptin and 5 µg/ml aprotinin, followed by centrifugation at 3000 g (Beckman JA-20 rotor). The nuclei pellet was immediately used for salt extraction or stored at − 80
• C until use. The volume of nuclei was approx. 200 µl.
To carry out the 0.1-M salt extraction, 200 µl of nuclei pellet was resuspended in 100 µl of buffer B, followed by stepwise addition of 200 µl of buffer B containing 0.2 M NaCl, and this procedure was repeated (addition of 100 µl of buffer B and then 200 µl of buffer B containing 0.2 M NaCl) in the same manner. This method of nuclei suspension minimizes unnecessary exposure of nuclei to locally elevated salt concentrations. The nuclei suspension at a final volume of 800 µl was incubated at 30
• C for 1 h, centrifuged at 3000 g for 15 min, and the supernatant was removed (0.1-M salt extract). The remaining nuclei pellet was subjected to subsequent extractions with the buffer B containing 0.7 M, 1 M and 1.3 M NaCl in the same way as above to produce 0.35-M, 0.5-M and 0.65-M salt extracts respectively. Supernatants (extracts) were stored at − 80
• C until use.
2-D (two-dimensional) electrophoresis and MALDI-TOF (matrixassisted laser-desorption ionization-time-of-flight) analysis
Protein extracts were deprived of salt through a protein-desalting spin column (Pierce, Rockford, IL, U.S.A.) prior to being subjected to 2-D gel electrophoresis. Desalted protein sample (30 µl) were mixed with 100 µl of rehydration buffer (0.1 M urea, 2.6 M thiourea and 2.6 % CHAPS) plus 20 mM dithiothreitol and 0.8 % (v/v) ampholyte, and then was vortexed at room temperature for 30 min. The protein sample was subjected to isoelectric focusing with 7-cm Readystrip IPG strips (pH 3-10, non-linear; Bio-Rad) and IPGphor (Amersham Biosciences) under the conditions of rehydration for 12-14 h, 500 V for 1 h, 1000 V for 1 h and 8000 V for 3 h. Isoelectric-focused strips were equilibrated in the buffer containing 50 mM Tris/HCl (pH 8.8), 6 M urea, 30 % glycerol, 2 % SDS and a trace amount of Bromophenol Blue at room temperature for 15 min, and further equilibrated for 15 min in the above buffer with 2.5 % iodoacetamide. The strips were then transferred on to the 2-D 1-mm thick SDS/PAGE gel (12.5 %), and sealed in place using 1 % low-melting-temperature agarose gel. SDS/PAGE was performed at 100 V for 5 min, followed by 80 V for 2 h and 120 V for 4 h. SDS/PAGE gels were silver-stained and stored at 4
• C. Protein spots were excised from silver-stained gels and subjected to trypsin digestion and MALDI-TOF analysis by essentially the same method as described previously [12] using the MS core facility of the Center for Cell Signaling Research, Ewha Woman's University.
Immunoblot analysis
Acid extraction of histones for immunoblot analysis shown below in Figure 1 (B) was performed as follows. Cells were washed with PBS and resuspended in the buffer containing 20 mM Tris/HCl (pH 8.0), 150 mM NaCl, 1 mM EDTA (pH 8.0) and 0.5 % NP40, and incubated on ice for 10 min. Nuclei were pelleted by centrifugation at 6000 g for 5 min at 4
• C, resuspended in 0.1 M HCl and incubated for 10 min at room temperature. Acidextracted histones were obtained by centrifugation at 6000 g for 5 min at 4
• C, and the concentrations of histones were measured by the Bradford method. After separation by SDS/PAGE (15 % gel), proteins were transferred on to nitrocellulose membrane (Hybond, Amersham Biosciences) using transfer buffer containing 50 mM Caps [3-(cyclohexylamino)propane-1-sulphonic acid; pH 10.0] and 20 % methanol and probed with appropriate antibodies. Signals were detected by enhanced chemiluminescence (LabFrontier, Seoul, Korea).
Chromatin-binding assays
Chromatin-binding assays were performed as described previously [13] with slight modifications. Cells (5 × 10 6 ) were washed with PBS and resuspended in 200 µl of the lysis buffer containing 10 mM Hepes (pH 7.5), 10 mM KCl, 3 mM MgCl 2 , 0.35 M sucrose, 0.1 % NP40, 3 mM 2-mercaptoethanol, 0.4 mM PMSF, 1 µM pepstatin A, 1 µM leupeptin and 5 µg/ml aprotinin. The cells were incubated on ice for 5 min. Cytoplasmic proteins . The cells were collected after 3 h for nuclei isolation, histone extraction and immunoblot analysis for γ -H2AX expression. H2A was used as an internal control. (C) Protein extracts were prepared from HeLa cells in which DNA DSBs were induced as described above (M, molecular-mass markers; C, control; γ , γ -radiation; E, etoposide), and subjected to SDS/PAGE (12.5 % gel) followed by silver staining. (D) The validity of the experimental strategy used was examined by immunoblotting for Ku proteins. Increased levels of Ku70 and Ku80 (results not shown), known to bind to the ends of broken DNA, were extracted from DSB-generated nuclei than from control nuclei at 0.5-and 0.65-M salt concentrations (lanes 7-12).
were removed from nuclei by centrifugation at 1300 g for 5 min. The nuclei pellet was resuspended in lysis buffer and nuclei were spun down by centrifugation. Isolated nuclei were resuspended in 200 µl of solution containing 3 mM EDTA, 0.2 mM EGTA, 1 mM dithiothreitol, 100 mM NaCl and 0.8 % NP40. The nuclei were incubated on ice for 60 min, and soluble nuclear proteins (soluble fraction) were separated from chromatin by centrifugation at 1700 g for 5 min. The chromatin pellet was washed twice with the same solution as the above and spun down at high speed (10 000 g for 1 min), and the chromatin was resuspended in SDS sample buffer and sheared by sonication (chromatin fraction). Both fractions were subjected to SDS/PAGE and immunoblot analysis.
Plasmid construction and transfection
cDNAs encoding full-length NPM and hnRNP C1 were PCR amplified from HeLa cDNA library using the following primers: NPM forward, 5 -GAT ATT GCT AGC ATG GAA GAT TCG ATG GAC ATG-3 ; NPM reverse, 5 -CGG TGG ATC CCG AAG AGA CTT CCT CCA CTG CCA-3 ; hnRNP C1 forward, 5 -GAT ATT GCT AGC ATG GCC AGC AAC GTT ACC AAC-3 ; hnRNP C1 reverse, 5 -CGG TGG ATC CCG TCC TCC ATT GGC GCT GTC TCT-3 . PCR products were digested with NheI and BamHI, and ligated into the same sites of pEGFP-N1 (BD Biosciences Clontech) to generate the constructs expressing NPM-GFP (green fluorescent protein) or hnRNP-C1-GFP fusion proteins. Transfection into HeLa cells was performed using Lipofectamine TM reagent (Life Technologies) according to the manufacturer's instructions.
Immunocytochemistry
Cells were seeded on to glass coverslips or 30-mm culture dishes, fixed with 4 % paraformaldehyde for 15 min and washed for 10 min in PBS three times. After quenching in 50 mM NH 4 Cl for 10 min, cells were permeabilized with 0.2 % Triton X-100 for 5 min, and blocked with 1 % BSA for 1 h at room temperature. Cells were washed for 10 min in PBS four times, and incubated with the antibodies against γ -H2AX, NPM or hnRNP C1/C2 overnight at 4
• C followed by incubation with Alexa Fluor 568-conjugated anti-mouse (Molecular Probes) or FITC-conjugated anti-rabbit (Zymed) antibodies for 30 min at 30
• C. Cells were washed for 10 min with PBS four times and mounted using Vectashield mounting medium with DAPI (4,6-diamidino-2-phenylindole; Vector Laboratories). Fluorescence images were photographed by using Axiovert 100M microscope.
RESULTS
Sequential salt extraction of chromatin-associated proteins
To perform proteomic analysis with the smallest group of proteins as possible, we employed the strategy in which chromatin-associated proteins are sequentially extracted using the buffers containing increasing salt concentrations as depicted in Figure 1(A) . We rationalized that proteins bound to chromatin with different affinities require different salt concentrations to be dissociated such that, at a certain salt concentration, loosely bound proteins will be easily dissociated from chromatin, whereas tightly bound proteins will not. This strategy would not only reduce proteome size to be analysed, but also increase the possibility of identifying the proteins that are differentially bound to the chromatin in DSBinduced versus non-induced conditions.
We have chosen two different sources for generating DNA DSBs, ionizing radiation and etoposide; the former breaks DNA through the cell cycle by generating hydroxyl radicals, and the latter, a topoisomerase II inhibitor, induces DSBs by blocking DNA replication during S-phase. Actively proliferating HeLa cells were exposed to 25 Gy of γ -radiation or treated with 50 µM etoposide, and after 3 h, cells were harvested for analysing γ -H2AX expression, which is induced by DSB generation and thereby can be used as a DSB indicator. γ -H2AX was induced in the cells that had been exposed to γ -radiation or treated with etoposide, whereas it was barely detectable from untreated cells ( Figure 1B) , indicating that DNA DSBs are properly generated under these conditions.
Nuclei isolated from HeLa cells that had been left untreated or induced to generate DNA DSBs were subjected to the sequential extraction with the buffers containing NaCl at the concentrations of 0.1, 0.35, 0.5 and 0.65 M, as shown in Figure 1 (A). Protein extraction using the salt concentrations higher than 0.65 M could not be performed, because nuclear suspension in such buffers became extremely viscous due to chromatin disruption. The obtained protein extracts were subjected to SDS/PAGE (12.5 % gel) and the silver-stained gel is shown in Figure 1 (C). Whereas some proteins appeared to be extracted equally in all salt concentrations, many proteins were differentially extracted depending on the salt concentrations used, indicating that the proteins bound to chromatin with different affinities can be dissociated by different salt concentrations. When extraction was performed at 0.1-M or 0.35-M salt concentrations, the extracted proteome was not significantly different (at least on a one-dimensional gel) between control and DSB-generated nuclei ( Figure 1C , lanes 2-4 and lanes 5-7 respectively). At 0.5-M salt concentration, however, significantly more proteins were extracted from DSB-generated nuclei compared with control nuclei ( Figure 1C , compare lane 8 with lanes 9 and 10). This difference was not observed from the 0.65-M extracts (lanes 11-13), indicating that most of the proteins that had bound to chromatin upon DSB generation were dissociated at 0.5-M salt concentration.
To determine whether the strategy employed is suitable for our experimental goals, we tested Ku proteins as a positive control for DNA-damage-dependent salt extraction. Ku proteins, existing as a Ku70-Ku80 heterodimer in the DNA-PK (DNA-dependent protein kinase) complex, are the essential components of the NHEJ (non-homologous end-joining) pathway of DNA DSB repair [14] , and are known to bind to the ends of DNA both in free form and in the context of chromatin [15] . Indeed, both Ku70 ( Figure 1D ) and Ku80 (results not shown) showed higher levels of extraction from DSB-generated nuclei than control nuclei at 0.5-M salt concentration (lanes 7-9), whereas they were equally extracted independent of DNA damage at 0.1-M and 0.35-M (lanes 1-6) . The DNA-damage-dependent salt extraction of Ku was more dramatic at 0.65-M salt (lanes 10-12), likely due to its unusually high affinity of DNA binding [14] . These results led us to conclude that higher levels of proteins in the extracts from DSB-generated nuclei compared with control nuclei at certain salt concentrations reflect more binding of those proteins to chromatin after DNA damage.
2-D gel analysis identified several proteins as the candidates for DNA-damage-induced chromatin-binding proteins
Next we performed 2-D gel electrophoresis for the protein extracts prepared as described above with pI range from 3 to 10, and the results are shown in Figure 2 . For the 0.1-M or 0.35-M extracts, as could be expected from the one-dimensional gel in Figure 1(C) , no protein spot on the 2-D gel showed a significant intensity change by DNA damage (Figures 2A and 2B ). 2-D gel analysis for the 0.5-M extracts showed that, whereas many other protein spots showed subtle changes in their intensity, the levels of a group of proteins with low pI migrating at the range of 35-52 kDa were largely increased by DNA damage ( Figure 2C , the protein spots are numbered in the box). These proteins were also present in the 0.1-or 0.35-M extracts, but their levels were not affected by DNA damage (Figures 2A and 2B) , and they were largely absent in the 0.65-M extracts ( Figure 2D ). These results indicate that some portion of each of these proteins binds to chromatin after DNA damage such that 0.5-M or higher salt concentrations are required for the bound proteins to be dissociated from chromatin.
Although the intensity increase of the proteins described above could reflect the actual binding to chromatin, it is also possible that DNA-breakage-induced chromatin structural change causes a release in the constitutive chromatin-bound proteins during 0.5-M salt extraction. To test this possibility, we prepared 0.5-M salt extracts by the same procedure as before, except using HeLa cells in which chromatin structural change was induced by treatment with TSA, an inhibitor of histone acetylase, or treatment with hypotonic buffer. We then performed 2-D gel anlaysis for those extracts. As shown in Figure 3 (see the boxed area), the levels of the corresponding proteins were not affected by merely changing chromatin structure, suggesting that the increased levels of these proteins on the 2-D gels of Figure 2 (C) reflect actual binding to chromatin after DNA damage. We therefore pursued further investigation of these proteins.
MALDI-TOF analysis to identify the candidate proteins
To determine the identity of the four candidate proteins, the protein spots were excised from the gel and subjected to trypsin digestion and MALDI-TOF MS analysis. The proteins were identified to be NPM, hnRNP C1, hnRNP C2 and 37LRP. Accession number, functions, theoretical molecular masses and pI values, the number of matched peptides, the percentage of sequence coverage and MOWSE (molecular weight search) score for each protein are listed in Table 1 . Reproducible results were obtained from the three gels analysed. The identity of the proteins was confirmed by immunoblot analysis with antibodies specific for each protein (results not shown, and Figure 4 ).
NPM and hnRNP C1/C2 bind to chromatin in response to DNA damage
Next, we wanted to determine whether the identified proteins indeed bind to chromatin in response to DNA damage using chromatin-binding assays. Chromatin fractionation was performed to separate soluble fractions from insoluble chromatin fractions, which were then analysed for distribution of NPM, hnRNP C1/C2 and 37LRP with immunoblotting. As shown in Figure 4 (A), the majority of NPM and hnRNP C1/C2 proteins were present in the soluble fractions with their levels being independent of DNA damage (lanes 1-3) , whereas, in the chromatin fractions, much more NPM and hnRNP C1/C2 were found in the samples from DSB-induced nuclei compared with control nuclei (lanes [4] [5] [6] . The levels of 37LRP were only slightly increased by DNA damage in both soluble and chromatin fractions (lanes 1-6), indicating that, unlike what would be expected from the 2-D gel analysis in Figure 2 (C), 37LRP may not be considered as a DNA-damage-induced chromatin-binding protein. Ku70 , used as a positive control, showed a very similar pattern to that seen Protein extracts, prepared as described in Figure 1 , were subjected to 2-D gel electrophoresis with a pI range from 3 to 10 and 12.5 % gels. The scanned images of silver-stained wet gels are shown. The salt concentrations used for protein extraction are indicated above each group of gels. On each of the gels in (C), the protein spots showing a large difference in their intensity between control and DSB-induced samples are numbered within a box. The indicated protein spots of the third gel (Etoposide) in (C) were excised for trypsin digestion and MALDI-TOF MS analysis. Protein extracts were prepared in 0.5-M NaCl salt solution as described in Figure 1 , except for using the nuclei from HeLa cells that had been untreated (left-hand panel), treated with 10 µM TSA for 16 h (middle panel) or treated with hypotonic PBS containing 50 mM NaCl (right-hand panel) for 1 h. The extracts were separated on 2-D gels, as described in Figure 2 . The intensity of the corresponding protein spots within the box, which was largely changed in Figure 2 (C), was not changed by the treatment with TSA or hypotonic buffer.
for NPM and hnRNP C1/C2. Histone H2A was detected in the chromatin fractions, but not in the soluble fractions, ensuring that the chromatin fractionations were properly done.
Again, to exclude the possibility of a contribution of mere chromatin structural change to the observed chromatin association of NPM and hnRNP C1/C2 proteins, we performed similar chromatin-binding assays with the nuclei from the cells that had been treated with TSA or hypotonic buffer. As shown in Figure 4(B) , inducing chromatin structural change without introducing exogenous DNA damage does not cause NPM and hnRNP C1/C2 to bind to chromatin (lanes 4-6). Taken together, these results demonstrated that NPM and hnRNP C1/C2 are DNAdamage-induced chromatin-binding proteins.
Subcellular localization of NPM and hnRNP C1/C2 after DNA damage
Having established the activity of DNA-damage-dependent chromatin-binding for NPM and hnRNP C1/C2, we wanted to examine whether these proteins form IRIF and/or are recruited to γ -H2AX foci after DNA damage. HeLa cells were either left untreated or exposed to a low dosage of irradiation (5 Gy), and further incubated for 1 or 3 h before performing immunofluorescence dual labelling using antibodies against γ -H2AX and NPM. Although barely detectable in the untreated cells, γ -H2AX was clearly detected at 1 h after irradiation, with its levels somewhat increased after 3 h ( Figure 5A) . Importantly, the immunostaining of γ -H2AX showed the typical distinctive punctate pattern, which is indicative of DNA DSB-induced formation of IRIF. The pattern of NPM immunostaining showed that NPM was exclusively present in the nucleoli under the normal conditions, and that it gradually diffused into the nucleoplasm following DNA damage by irradiation ( Figure 5A ). This DNAdamage-induced mobilization of NPM has also been observed when cells were subjected to UV irradiation [16, 17] , suggesting that NPM mobilization is a general mechanism for responding to DNA damage. However, NPM was neither concentrated in speckles nor co-localized with γ -H2AX foci, indicating that NPM is not actively recruited to γ -H2AX foci following DNA damage.
We next performed similar experiments to examine subcellular localization of hnRNP C1/C2. In sharp contrast with NPM, Ribosomal structure and biogenesis
Figure 4 NPM and hnRNP C1/C2 bind to chromatin after DNA damage
Chromatin-binding assays were performed. The soluble (lanes 1-3) and chromatin (lanes 4-6) fractions were separated using the nuclei from the cells in which DNA damage was induced as described in Figure 1 (B) (A), or from the cells in which chromatin structural change was induced by treatment with TSA or hypotonic buffer (B). The distribution of the indicated proteins with soluble versus chromatin fractions was determined by immunoblotting with the antibodies indicated.
hnRNP C1/C2 was present throughout the nucleoplasm, excluding the nucleoli, under the normal conditions ( Figure 5B ), which agrees with a previous study [18] . However, the staining pattern of hnRNP C1/C2 was not apparently changed by radiation-induced DNA damage, whereas γ -H2AX was properly induced to form foci ( Figure 5B ). We observed virtually the same results as thus far described about the subcellular localization of NPM and hnRNP C1/C2 when we subjected cells to DNA damage using etoposide (results not shown). We also investigated subcellular localization of NPM and hnRNP C1/C2 by transfection experiments with expression vectors for NPM-GFP and hnRNPC1-GFP fusion proteins, and observed generally the same results as the above (results not shown). Taken together, the results indicate that NPM, normally present in the nucleolus, is mobilized into nucleoplasm in response to DNA damage, whereas hnRNP C1/C2, the major component of the nuclear matrix, does not appear to change in its subcellular localization after DNA damage. In addition, neither of these proteins is accumulated into IRIF or recruited to γ -H2AX foci in response to DNA damage.
DISCUSSION
In an effort to identify the proteins that bind to chromatin in response to the DNA damage of DSBs, we used a proteomics approach in combination with the strategy employing sequential extractions of chromatin-associated proteins with a variety of salt concentrations. In the present study we report the identification of NPM and hnRNP C1/C2, the abundant nuclear proteins with pleiotropic functions, as DNA-damage-induced chromatinbinding proteins. We confirmed, using chromatin-binding assays, that these proteins indeed bind to chromatin following DNA damage. We also showed that NPM is mobilized from the nucleoli into the nucleoplasm in response to DNA damage. However, neither NPM nor hnRNP C1/C2 was actively recruited to the sites of DNA breaks, suggesting that they may respond to DNA damage through some other mechanisms than directly targeting the DNA lesions.
NPM, also known as B23, numatrin and NO38, is an acidic nucleolar phosphoprotein, which is thought to be involved in various biological processes, including mRNA processing, ribosome biogenesis, cell proliferation and centrosome duplication [19] [20] [21] [22] . Recent experimental evidence strongly suggests that NPM is also implicated in regulation of the cell cycle and the cellular response to DNA damage. For example, studies showed HeLa cells were exposed to 5 Gy of γ -radiation or treated with 50 µM etoposide (results not shown), and incubated for 1 or 3 h as indicated. The control cells were left untreated. Cells were then collected and subjected to dual immunostaining with antibodies against γ -H2AX (red) and NPM (green) (A), or γ -H2AX (red) and hnRNP C1/C2 (green) (B) before the immunofluorescence images were taken. The images of anti-γ -H2AX and anti-NPM staining, or anti-γ -H2AX and anti-(hnRNP C1/C2) staining were merged to examine co-localization (shown in the right-hand column in each row). The nuclei were visualized by DAPI staining (blue).
that NPM functions as an important regulator of the p53 tumour suppressor by directly interacting with p53 or by modulating the key regulators of p53, such as Mdm2 (murine double minute clone 2 oncoprotein) and p14 ARF [16, [23] [24] [25] [26] [27] [28] [29] . These studies also showed that NPM plays a positive role in the cellular response to DNA damage triggered by UV or ionizing radiation [16, 17, 23, 24, 26, 30, 31] . Interestingly, NPM, together with nucleolin, which is another nucleolar protein involved in ribosome biogenesis, has been identified as a genotoxic-stress-induced RNA-binding protein [32] . In this respect, the possibility is plausible that the association of NPM with chromatin following DNA damage is mediated by its activity to bind to nascent RNA transcripts still tethered to the chromatin, whereby transcription can be regulated. Alternatively, it is also possible that NPM directly binds to histones to modulate chromatin structure in response to DNA damage, as NPM has been shown to have histone-chaperone and chromatin-remodelling activities [33] [34] [35] .
Our results, showing that NPM is diffused from the nucleolus into the nucleoplasm in response to DNA damage, are consistent with the recently proposed hypothesis about the role of the nucleolus in the DNA-damage response. This hypothesis postulates that the structure of the nucleolus is disrupted by a variety of DNAdamaging agents, and that this nucleolar disruption plays a key role in triggering the DNA-damage response [36] . In this context, it is intriguing to propose that DNA-damaging agents, such as ionizing radiation and etoposide, cause nucleolar disruption, and consequently NPM is released into the nucleoplasm where it binds to chromatin.
hnRNP C1/C2, belonging to the hnRNP family, have been implicated in a variety of biological functions, including many aspects of mRNA metabolism, such as splicing, polyadenylation and turnover, and telomere/telomerase regulation [37, 38] . Our results, identifying hnRNP C1/C2 as DNA-damage-induced chromatin-binding proteins, implicate this pleiotropic protein in DNA repair and/or damage response as well. It is intriguing to speculate that a possible role of hnRNP C1/C2 in DNA-damage response might entail its ability to control mRNA maturation/ turnover in a way to help regulate overall rate of gene expression after DNA damage. Interestingly, however, a recent study showed that hnRNP C1/C2 binds to Ku in an RNA-dependent manner, and that it can be phosphorylated by DNA-PKcs, the catalytic subunit of the DNA-PK complex [39] . In this respect, it is also possible that hnRNP C1/C2 directly participates in DNA DSB repair through the NHEJ pathway.
The proteomics approach used in the present study was successful to identify the proteins that exist abundantly in the nucleus and largely bind to chromatin after DNA damage, such as NPM and hnRNP C1/C2. However, it should be noted that this approach has limitations in identifying less abundant DNAdamage-induced chromatin-binding proteins, which seems to be case for most of the repair and checkpoint proteins. This is likely to be the reason why only a few proteins were identified as candidates for DSB-induced chromatin-binding proteins from 2-D gel analysis. Given that both NPM and hnRNP C1/C2 are abundant in the nucleus and bind to chromatin to a great extent, we hypothesized that these proteins might play roles in DNA repair and/or damage response through some global regulation of the essential processes, such as modulation of chromatin structure and control of gene expression. Further experiments will be necessary to address the biological significance of the DNA-damageinduced chromatin-binding activity of NPM and hnRNP C1/C2. 
